A recently discovered protein phosphatase PHLPP (PH domain Leucine-rich repeat Protein Phosphatase) has been shown to dephosphorylate Akt on its hydrophobic motif (Ser473) thereby decreasing Akt kinase activity. We generated PHLPP1 knockout (KO) mice and used them to explore the ability of enhanced in vivo Akt signaling to protect the brain against ischemic insult. Brains from KO mice subjected to middle cerebral artery occlusion (MCAO) for 2 hours showed significantly greater increases in Akt activity and less neurovascular damage after reperfusion than wild-type (WT) mice. Remarkably, infarct volume in the PHLPP1 KO was significantly reduced compared with WT (12.7±2.7% versus 22.9±3.1%) and this was prevented by Akt inhibition. Astrocytes from KO mice and neurons in which PHLPP1 was downregulated showed enhanced Akt activation and diminished cell death in response to oxygen-glucose deprivation. Thus, deletion of PHLPP1 can enhance Akt activation in neurons and astrocytes, and can significantly increase cell survival and diminish infarct size after MCAO. Inhibition of PHLPP could be a therapeutic approach to minimize damage after focal ischemia.
INTRODUCTION
Stroke is the second leading cause of death worldwide according to the World Health Organization. 1 The extent of cerebral damage after stroke is determined by the balance between apoptosis, necrosis, and survival in the various cells forming the neurovascular unit, which maintains blood-brain barrier integrity and adequate blood supply to the brain. [2] [3] [4] The serine/threonine kinase Akt has a well-recognized role in cell survival, including neuronal protection against cerebral ischemia. [5] [6] [7] However, interpretation of the studies published to date concerning involvement of Akt in stroke is complicated. Neuronal-specific transgenic mice overexpressing an activated form of Akt after injury showed reduced infarct area after middle cerebral artery occlusion (MCAO), 6 but it is not clear whether these levels of expression and activity of Akt are physiologic. Indeed mice deficient in Akt1, a major contributor to neuronal survival, do not show differences in stroke outcome 8 but the observation that Akt1-deficient mice and control mice have equivalent levels of phosphorylated Akt suggests that alternate isoforms of Akt compensate for germline loss of Akt1. 8 Recent studies revealed that increasing Akt activity by removal of its endogenous inhibitor, carboxyl terminal modulator protein (CTMP), protects neurons from ischemia-induced death. 9 This provides encouraging evidence that increasing endogenous activation of all Akt isoforms are protective, although how CTMP affects Akt activity has not been clearly defined.
The activation of Akt by growth factors or cytokines is initiated by stimulation of phosphoinositide-3-kinase and generation of PIP 3 , which recruits Akt to the plasma membrane. Akt is phosphorylated at threonine (Thr)308 by its upstream kinase, phosphoinositide-dependent kinase 1, and at the hydrophobic motif on serine (Ser)473 by TORC2. [10] [11] [12] The duration and amplitude of Akt phosphorylation is important for determining its physiologic effects, thus termination of Akt activation by phosphatases could significantly affect its functional activity. Several phosphatases have been found to negatively regulate Akt activity. The tumor suppressor, PTEN (phosphatase and tensin homolog deleted on chromosome 10), antagonizes Akt signaling by dephosphorylating PIP 3 to PIP 2 , thereby limiting Akt activation. 13 Based on its site of action, many additional PIP 3regulated processes are also affected by PTEN. Akt can be dephosphorylated at Thr308 and Ser473 by protein phosphatase 2A (PP2A), however, it has limited substrate selectivity based on its pleiotropic effects on numerous targets. 14, 15 Recently, a novel serine/threonine protein phosphatase, PH domain Leucine-rich repeat Protein Phosphatase (PHLPP) was reported to specifically dephosphorylate Akt on its hydrophobic motif, thereby attenuating Akt activity. 16 The PHLPP family of phosphatases is comprised of three members PHLPP (a and b splice variants) and PHLPP2. The PHLPP1a and PHLPP1b are splice variants of the same gene. PHLPP1 and 2 possess an identical domain structure composed of a PH domain followed by a region of leucine-rich repeats, a PP2C phosphatase domain, and a C-terminal PDZ ligand domain. [16] [17] [18] Cellular localization studies reveal that PHLPP1 and PHLPP2 are present throughout the cell [16] [17] [18] and are expressed in both neurons 19 and astrocytes. 20 In addition to its effects on Akt, PHLPP has been shown to dephosphorylate the hydrophobic motif of conventional and novel PKC isoforms in vitro, affecting their stability and thus the level of expression in cancer cells. 18 The role of PHLPP in regulating Akt activity in the brain and its effect on cerebral ischemia has not been examined. The studies reported here show that deletion of PHLPP1 from the brain leads to transient but accentuated Akt activation and protects the brain from ischemic damage after MCAO. The salutary effect of PHLPP1 removal on ischemic damage is also observed in isolated astrocytes and neurons and suggests that PHLPP1 could represent an important therapeutic target for protection against damage induced by stroke.
MATERIALS AND METHODS Animals
All procedures were performed in accordance with NIH Guide for the Care and use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at the University of California San Diego. Generation of homozygous Black Swiss/129Sv PHLPP1 knockout (KO) mice has been described previously. 21 
Model of Cerebral Ischemia
Middle cerebral artery occlusion (MCAO) was performed using the intraluminal filament technique as previously described. 22, 23 Wild-type (WT) and PHLPP1 KO littermates having an average weight of 30 g and B10 to 12 weeks of age were used for surgical experiments. Mice were anesthetized with 2% isoflurane mixed with 0.8% oxygen. For FITC-dextran experiments, mice received tail vein injections (40 mL) of FITC conjugated to high molecular weight dextran (2 MDa; Sigma, St Louis, MO, USA) dissolved in 5% (wt/vol) solution in sterile phosphate-buffered saline B10 minutes before occlusion of the middle cerebral artery. 24 A midline neck incision was made to expose the left common carotid artery. The external and left common carotid were excised and ligated with 7-0 silk (Ethicon, Somerville, NJ, USA). A small incision was made in the common carotid artery close to the bifurcation point of the external and internal carotid arteries. To occlude the middle cerebral artery, silicon-coated (Heraeus, South Bend, IN, USA) 6-0 nylon suture (Ethicon) was advanced 9 to 10 mm through the internal carotid artery to the anterior cerebral artery. To ensure induction of focal brain ischemia, filament diameter was measured using microscopy. Image analysis software and the suture size used were proportional to animal weight. 25 Regional cerebral blood flow was measured by a flexible Laser-Doppler Flowmetry (LDF) probe (Moor Instruments, Wilmington, DE, USA). After occlusion and before reperfusion, the mice were allowed to awaken from anesthesia and neurologic examinations were performed 1 hour after MCAO using a published rodent neurologic grading system. 26, 27 Mice were reanesthetized and the suture removed after 2 hours of ischemia and reperfusion was performed for various times. For histologic examination of the brain, the animal was transcardially perfused with saline followed by 4% (wt/vol) paraformaldehyde. After euthanasia via an overdose of penbarbitol, brains were removed and sectioned and subsequently stained with 2% (wt/vol) 2,3,5triphenyltetrazolium chloride (TTC) (Sigma) and later area of infarct subsequently quantitated using light microscopy and ImageJ software (version 1.40 g, NIH, Bethesda, MD, USA).
Akt Inhibitor Studies
Inhibitor studies were performed as previously described using a modified protocol. 8, 28 Briefly, MCAO was followed by the administration of a pan-Akt inhibitor triciribine (2 mL, 1 mmol/L, dissolved in 5% (wt/vol) DMSO (Sigma) and injected intracerebroventricularly (coordinates 1.0 mm lateral, 0.2 mm posterior, 3.1 mm deep) to male WT and KO mice. The compound was injected: 1 hour before MCAO, again 1 hour after stroke onset, and 1 hour after reperfusion. After 24 hours of reperfusion, mice were euthanized via an overdose of penbarbitol, brains were removed and sectioned and subsequently stained with 2% (wt/vol) TTC (Sigma). Area of infarct was quantitated using light microscopy and ImageJ software (NIH).
Immunohistochemistry
Fixed brains were paraffin-embedded and sectioned (15 mm). Vascular disruption was represented by FITC-dextran labeling in the brain sections. For each brain, three sections spanning Bregma level À 3 mm to 2 mm were mounted and imaged by epifluorescence microscopy at low power using a CCD camera (Apogee Instruments, Auburn, CA, USA). The area of FITC-dextran was quantified in Image-Pro Plus (Media Cybernetics Inc., Bethesda, MD, USA) as previously described. 24 In brief, an operator blinded to treatment set the brightness and contrast levels to optimize the appearance of the fluorescence. Using thresholding and segmentation, the operator measured the total area of fluorescence. Cellular death associated with focal ischemia was detected using a TRITC deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) protocol (Roche, San Francisco, CA, USA) and costained with DAPI for nuclear visualization. 29 Cell Culture Cultured astrocytes were prepared from postnatal day P1 to P3 WT and PHLPP KO mice as previously described. 30 Briefly, cerebral cortices were isolated from adherent meninges, and the tissue dissociated and trypsinized. Cells were maintained in high-glucose DMEM supplemented with 10% (w/vol) FBS/2 mmol/L glutamine/100 units/mL penicillin/100 mg/ mL streptomycin (Gibco, Carlsbad, CA, USA). After 11 days in culture, cells were shaken overnight to remove oligodendrocytes and plated at onethird their confluency and maintained in an incubator at 371C with 5% CO 2 . Experiments involving WT and KO astrocytes were plated at equal cell number and experiments performed at the second passage. HT22 mouse hippocampal cells (gift from Dr David Shubert) were maintained in highglucose DMEM supplemented with 10% (w/vol) FBS/2 mmol/L glutamine/ 100 units/mL penicillin/100 mg/mL streptomycin (Gibco) in an incubator at 371C with 10% CO 2 . Experiments involving HT22 cells were plated at 5 Â 10 4 cells per 35 mm dish. Primary mouse striatal neurons (including glia) were purchased from Lonza (Walkersville, MD, USA) and maintained in primary neuron basal medium supplemented with PNGM SingleQuots (2 mmol/L glutamine, 50 mg/mL Gentamicin/37 ng/mL Amphotericin, and 2% (wt/vol) Neural Survival Factor (NSF)-1) (Lonza) in an incubator at 371C with 5% CO 2 . After 7 days in culture, medium was changed and the cells were transfected with siRNA. Astrocytes from WT and KO mice as well as HT22 cells were serum starved for 24 hours before stimulation with 1 nmol/L IGF-1 (Austral Biologicals, San Ramon, CA, USA). Protein extracts from the primary astrocytes and HT22 cells were examined by western blotting for activation of Akt and multiple downstream targets. 31, 32 Immunoblotting The left cortex was obtained from control mice and those subjected to 2 hours MCAO with various times of reperfusion. Astrocytes and HT22 cells treated with agonist or vehicle were used for cell culture experiments. Tissue or cells were homogenized and extracts made in lysis buffer 31 and protein concentrations determined (Bradford Assay; BioRad, Hercules, CA, USA). Individual samples were subjected to SDS-polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA, USA) and transferred onto PVDF membranes (Millipore, Billerica, MA, USA). Membranes were blocked in 5% (wt/vol) milk TBS-Tween for 1 hour and probed overnight at 41C using various antibodies (PHLPP1 and PHLPP2 antibodies were from Bethyl Laboratories (Montgomery, TX, USA) and total and phosphorylated Akt Ser473, Thr308, Akt1, Akt2, Akt3, PKCa, cleaved caspase 3, pERK1/2, and gapdh were from Cell Signaling Technology (Boston, MA, USA)). Fold changes in cleaved caspase 3 and phosphorylation of Akt at Ser473 were determined by densitometry and normalized to accompanying GAPDH blots, changes were expressed as relative values compared with WT samples. 
Akt Kinase Assay
Akt catalytic activity was assessed using a nonradioactive Akt kinase assay kit (Cell Signaling Technology). Extracts (150 mg) from the injured hemisphere, astrocytes, or HT22 cells were incubated with an antibody to total Akt overnight. Immunocomplexes were spun down and washed twice with Kinase Buffer from the kit. For the kinase reaction, immunocomplexes were resuspended in 50 mL Kinase Buffer with 200 mmol/L ATP and 1 mg GST-GSK3 at 301C for 30 minutes. Reactions were terminated with the addition of 10 mL 5 Â SDS and the samples were subjected to immunoblotting with the phosphorylated GSK-3 antibody and total Akt. The change in catalytic activity of Akt was determined by densitometry of phosphorylated GSK-3 substrate and normalized to total immunoprecipitated Akt. The activity of Akt was expressed as fold change relative to WT or control samples.
Transfection with siRNA
Predesigned mouse PHLPP1 and PHLPP2 ON-TARGET plus and control siRNA were purchased from Thermo Scientific (Waltham, MA, USA). siRNA (2 mmol/L) was transfected with DharmaFECT-3 (astrocytes and primary neurons) and DharmaFECT-4 reagent (HT22 cells) (Thermo Scientific) (in a 1:3 ratio, respectively) as previously described. 32 After overnight incubation, cells were washed and cultured for another 24 hours in complete media.
Oxygen-Glucose Deprivation
For simulated ischemia experiments, cells were transfected with various siRNAs for 48 hours before oxygen-glucose deprivation (OGD). Control cells were placed in normoxic buffer (140 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl 2 , 10 mmol/L glucose, 10 mmol/L HEPES and 2 mmol/L CaCl 2 at pH 7.4) at 371C with 5 or 10% CO 2 depending on the cell type under investigation. For OGD, cells containing hypoxic buffer (140 mmol/L NaCl, 12 mmol/L KCl, 1 mmol/L MgCl 2 , and 2 mmol/L CaCl 2 at pH 6.5) without glucose were placed in a humidified chamber filled with 95% N 2 and 5% CO 2 at 371C for 18 hours (astrocytes) or subjected to 90 minutes OGD and 18 hours reperfusion in normoxic buffer (neurons).
Cell Death ELISA DNA fragmentation indicative of apoptosis was assayed using the cell death detection ELISA PLUS (Roche Applied Science, Indianapolis, IN, USA) as previously described. 32 Briefly, supernatants from astrocytes and HT22 cells (20 mL) exposed to OGD or normoxic conditions were incubated with antihistone-biotin antibody and anti-DNA-peroxidase antibody in a streptavidin-coated 96-well plate on an orbital shaker (60 r.p.m.) at room temperature for 3 hours. Subsequently, wells were washed with incubation buffer (200 mL per well) three times, 2, 2 0 -azino-bis (3-ethylbenzthiazoline-6-sulfonic) acid substrate (100 mL per well) was added and absorbance was measured at 405 nm using plate reader. All readings were normalized to protein concentration. There was no significant difference in ERK 1/2 phosphorylation between WT and KO mice.
Cell Death Propidium Iodide Assay
was measured on a plate reader. The calcein-AM reading was normalized to Hoechst and the calcein/PI ratio determined. For normalization of the experiments, the calcein/PI ratio for the siControl neurons subjected to OGD was set at 100% and the relative percent cell death for neurons with PHLPP1 knockdown was calculated. After the spectrophotometer reading, cell death was visualized by fluorescence microscopy.
Lactate Dehydrogenase Assay
Cell death or cytotoxicity was assayed by measuring lactate dehydrogenase (LDH) release into the cell culture medium by the LDH Cytotoxicity Assay Kit II (MBL International Corporation, Woburn, MA, USA) according to manufacturer's protocol. Samples were run in duplicate and allowed to incubate for 4 hours at room temperature. The LDH activity was detected on a plate reader at OD 450 nm. The relative percent LDH release between the groups was determined by normalizing the siControl cells subjected to ischemia/reperfusion to 100%.
Data Analysis
Researchers were blinded to the treatment group during analyses. Significance (Po0.05) was determined by Student's t-test or one-way ANOVA with post hoc Tukey analysis using GraphPad Prism software (GraphPad, La Jolla, CA, USA).
RESULTS

Deletion of PHLPP1 Does Not Affect PHLPP2 or Akt Isoform Expression in the Brain
The generation and characterization of PHLPP1 gene-targeted mice has been previously described 21, 32 but the effects of deleting PHLPP on Akt activation and protection in the brain have not been investigated. Conventional PHLPP1 KO mice are viable and show no overt changes in brain size or development (data not shown). Extracts from whole brain of WT and PHLPP1 KO mice were analyzed for PHLPP expression. The PHLPP1 protein was Figure 4 . PHLPP1 knockout (KO) mice specifically alter Akt activity and protect the brain from middle cerebral artery occlusion (MCAO) injury. Wild-type (WT) and KO mice (12 to 14 weeks old) were subjected to 2 hours of cerebral ischemia and 24 hours reperfusion. For Akt inhibitor studies, triciribine (1 mmol/L in 5% DMSO) was injected introcerebroventricularly three times, 1 hour before surgery, 1 hour after ischemia, and 1 hour after reperfusion. After 24 hours reperfusion, brains were removed and stained with 2,3,5-triphenyltetrazolium chloride (TTC) and area of infarct was quantitated. The PHLPP1 KO mice have a significant reduction in infarct size after MCAO that is reversed on treatment with the Akt inhibitor triciribine (n ¼ 20 WT/13 KO; independent-sample t-test *Pp0.02 compared with WT; n ¼ 7 WT/4 KO in inhibitor study; n.s., no significant difference between WT and KO). undetectable in null mice and there was no compensatory change in PHLPP2 ( Figure 1A) . Removal of PHLPP1 also had no effect on the level of expression of any of the three Akt isoforms ( Figure 1A) . The catalytic activity of Akt was, however, significantly elevated in KO compared with WT brains at baseline ( Figure 1B) , consistent with a role for PHLPP in regulating basal Akt activity. PHLPP1 has been shown to regulate a phosphorylation site on conventional and novel PKCs that alters its stability in some systems; 18 however, PKCa, a conventional PKC isoform in the brain, did not show altered expression in the absence of PHLPP1 ( Figure 1A ) nor did the novel PKC, PKCd (data not shown).
PHLPP1 Knockout Mice Have Reduced Neurovascular Damage and Infarct Volume After Focal Cerebral Ischemia
Having established that removal of PHLPP1 has an effect on brain Akt activity, we went on to determine if the ability of PHLPP deletion to accentuate physiologic levels of Akt activation would protect the brain from in vivo stroke damage. The WT and PHLPP1 KO mice were subjected to 2 hours of focal cerebral ischemia followed by reperfusion for various times. The reduction in cerebral blood flow after MCAO was equivalent in WT and PHLPP1 KO mice (B75% reduction versus baseline value; Figure 2A ). Mice were awakened within 5 minutes after MCAO surgery (ischemia) and behavioral changes were scored 1 hour after ischemia onset to assess the severity of neurologic impairment. There was no significant difference in the neurologic function score obtained in WT and KO mice immediately after MCAO (data not shown). During the 2 hours ischemia imposed by MCAO, Akt catalytic activity was increased to equivalent levels in WT and KO mice. Notably however, after 30 minutes reperfusion, Akt activity in the KO was B70% higher than that of WT mouse brain ( Figure 2B ). The known protective effect of Akt suggested that increased Akt activation would be accompanied by decreased cell death. To test this, we examined caspase 3 cleavage in WT and KO mouse brains at both 30 minutes and 24 hours of reperfusion ( Figures 2C and  2D ). Caspase 3 cleavage was markedly increased at both times in WT mouse brains and the response was significantly attenuated at both 30 minutes and 24 hours in the PHLPP KO. The attenuated caspase activation after reperfusion was a predicted consequence of the increase in Akt phosphorylation and activity resulting from PHLPP1 deletion, and was not associated with changes in phosphorylation of another potentially protective kinase, ERK1/2 ( Figure 2E) .
The effect of ischemic damage on vascular integrity after 2 hours MCAO and 30 minutes reperfusion was assessed by FITCdextran fluorescence ( Figures 3A and 3B) . The area of vascular disruption was decreased by 480% in PHLPP1 KO compared with WT mice. There was also a significant decrease in TUNEL-positive cells in the striatum, further indicating diminished cell death in KO versus WT mouse brain ( Figures 3C and 3D) . Finally, the protective effect of PHLPP1 removal on infarct size after 2 hours MCAO and 24 hours reperfusion was investigated using TTC staining. The lesion volume in the brains of KO mice was significantly smaller (12.7 ± 2.7%) than that in brains of WT mice (22.9 ± 3.1%) (Figure 4 ). To prove that the reduction in infarct volume after MCAO in the PHLPP1 KO mice was because of the enhanced Akt activity, we examined the effect of the Akt inhibitor, triciribine. Treatment with triciribine fully prevented the protection 
PHLPP1 Knockout Astrocytes Have Accentuated Akt Activity and Protection After Ischemia
Since removal of PHLPP1 attenuates damage to the neurovascular unit after stroke, the effect of PHLPP1 deletion on Akt activation in the brain was examined at the cellular level. Cortical astrocytes were isolated from WT and KO mice. As observed in whole brain, astrocytes from KO mice showed complete loss of PHLPP1 protein, and no change in Akt isoform or PHLPP2 expression ( Figure 5A ). Akt activity was significantly increased in these cells at baseline ( Figure 5B ) as observed in whole brain. We used this isolated cell preparation to examine responses to agonists that could activate Akt in the brain. The IGF-1 (1 nmol/L) increased phosphorylation of Akt at Ser473 and this was significantly enhanced in PHLPP1 KO astrocytes ( Figures 5C and 5D ) with no significant difference at Thr308 ( Figure 5C ). Recent studies from the Newton laboratory have determined that PHLPP deletion increases MAP (ERK1/2) kinase activation through altering receptor tyrosine kinase signaling (personal communication). However, we observed no significant difference in IGF-1 stimulated ERK activation in KO versus WT astrocytes ( Figure 5C ). To determine whether removal of the other PHLPP isoform, PHLPP2, would further potentiate Akt activation, we examined the effect of siRNA-mediated PHLPP2 knockdown in WT and PHLPP1 KO astrocytes. There was no further increase in Akt activation in response to IGF-1 in WT or PHLPP1 null cells after siRNA knockdown of PHLPP2, thus PHLPP2 and PHLPP1 do not appear to serve redundant functions in this system ( Figure 6A) . These data indicate a selective ability of PHLPP1 gene deletion to accentuate Akt activation in cortical astrocytes.
Finally, to directly show that removal of PHLPP1 can protect central nervous system cells from ischemic insult, WT and PHLPP1 KO cells were exposed to either normoxic conditions or OGD for 18 hours. Apoptosis was quantified using an ELISA to measure DNA fragmentation. Simulated ischemia induced by OGD lead to B4-fold increase in apoptosis in WT astrocytes or PHLPP2 knockdown cells; apoptosis was greatly attenuated in the PHLPP1 KO astrocytes ( Figure 6B ). No further protection was achieved when PHLPP2 was downregulated using siRNA, consistent with the aforementioned observation that PHLPP2 does not regulate Akt activation in these cells.
Knockdown of PHLPP1 in Neurons Increases Agonist-Induced Activation and Protects them from Ischemia/Reperfusion Injury Since removal of PHLPP1 increased Akt activity and provided protection to astrocytes from ischemic damage in vitro, we determined whether neurons lacking PHLPP1 would also be protected. Hippocampal neurons (HT22 cells) were transfected with control or PHLPP1 siRNA for 48 hours. Knockdown of PHLPP1 accentuated phosphorylation of Akt at Ser473 after treatment with IGF-1 (1 nmol/L), knockdown of PHLPP1 accentuated phosphorylation of Akt at Ser473 compared with siControl without significantly increasing Thr308 phosphorylation ( Figure 7A) . Also, the catalytic activity of Akt was also significantly greater after 1 hour of IGF-1 stimulation in neurons with PHLPP1 knockdown compared with control ( Figure 7B ). To determine whether removal of PHLPP1 could confer protection to neurons, HT22 cells were subjected to either normoxia or OGD for 90 minutes and 18 hours reperfusion. Apoptosis was quantified using an ELISA to measure DNA fragmentation. The OGD induced an B3-fold increase in apoptosis (DNA fragmentation as assessed by ELISA) in control or PHLPP2 knockdown neurons and this response was modest but significantly attenuated in the PHLPP1 knockdown cells ( Figure 7C ).
Finally, to show that removal of PHLPP1 protects primary mouse striatal neurons from ischemia/reperfusion injury, PHLPP1 was downregulated by transfection of PHLPP1 siRNA. Downregulation of PHLPP1 mRNA to B86% control levels was achieved, as measured by quantitative PCR, and neurons were subjected to OGD for 90 minutes followed by 18 hours reperfusion. Knockdown of PHLPP1 significantly reduced neuronal cytotoxicity as determined by both decreases in the percent PI-positive cells and LDH release ( Figures 7D to F) . Thus, removal of PHLPP1 increases Akt activation and protects both astrocytes and neurons from ischemic damage.
DISCUSSION
Transient focal brain ischemia can occur as a consequence of thrombosis or embolism. The sequelae of ischemia are well established but the signaling pathways that contribute to or protect the brain from cerebral damage are less well understood. Akt is a serine/threonine kinase that regulates downstream targets involved in many cellular processes and is well known to have a role in cell survival. The dysregulation of Akt has been implicated in many disorders, including cardiovascular and neurologic diseases and cancer. 7 The importance of the recently discovered protein phosphatase PHLPP1 in regulating pathophysiological responses in the brain has not been previously examined. Here, we use PHLPP1 gene deletion to show for the first time that loss of PHLPP1 enhances Akt activity and diminishes cell death and vascular disruption after transient focal brain ischemia.
Akt is activated through its phosphorylation on two residues, Thr308 and Ser473. Alessi et al 33 showed that phosphorylation on both residues is critical for full activation of Akt. Consistent with this, overexpression of PHLPP1 in vitro dramatically reduces Akt Figure 6 . Removal of PHLPP1 not PHLPP2 accentuates Akt activation and protects astrocytes from oxygen-glucose deprivation (OGD). Wild-type (WT) and knockout (KO) astrocytes were transfected with control or PHLPP2 siRNA (2 mmol/L) for 48 hours. Cells were serum starved for 24 hours and (A) stimulated with IGF-1 (1 nmol/L) for various times and blotted for phosphorylation of Akt at Ser473 and PHLPP isoform expression or (B) exposed to either normoxic conditions or 18 hours OGD. Apoptosis of the astrocytes was quantified by DNA fragmentation using an ELISA. The graph represents fold OGD induced apoptosis of each group compared with WT cells under normoxic conditions (n ¼ 7 independent experiments *Pp0.05 compared with WT OGD).
catalytic activity by dephosphorylating Akt at Ser473 without affecting Thr308. 16 Conversely, low levels of PHLPP expression are associated with increased levels of Ser473 phosphorylated Akt and concomitant activation of downstream Akt targets. 16, 17, 32 Dephosphorylation of the hydrophobic motif on PKC can also be catalyzed by PHLPP, however, this regulates PKC stability rather than its activation state. 18 Our previous work showed that PHLPP1 deletion does not affect either conventional or novel PKC levels in the heart or isolated cardiac myocytes. 32 The data presented here further show that loss of PHLPP1 does not change PKCa levels in the brain. Earlier studies reported that the protein termed as SCOP (aka PHLPP1), acting through its Ras association domain and LRR region, inhibited ERK signaling and impaired long-term memory formation. 34, 35 However, removal of PHLPP1 did not alter ERK signaling at the cellular level ( Figure 5C ) or in the brain at baseline or after ischemic injury ( Figure 2E ). Accordingly, we suggest that the observed effects of PHLPP1 deletion on infarct size and vascular leakage result from changes in Akt activation and not alterations in signaling through protective kinase signaling pathways using PKC or ERK. This hypothesis is also supported by our studies showing that pharmacological inhibition of Akt fully prevents the protection conferred by PHLPP1 deletion.
Numerous studies have documented changes in phosphorylation of Akt after brain reperfusion and increases in phosphorylation of Akt have been linked to protection. 12, 36, 37 Transient upregulation of Akt phosphorylation was observed after permanent occlusion of the middle cerebral artery in mice, 37 while blocking the increased Akt activation after ischemia with LY294002, a phosphoinositide-3-kinase inhibitor, potentiated neuronal cell death. 38 To increase neuroprotection from Figure 7 . Downregulation of PHLPP1 accentuates Akt activation and protects neurons from oxygen-glucose deprivation (OGD). HT22 cells were transfected with control, PHLPP1, PHLPP2 or both PHLPP1 and PHLPP2 siRNA (2 mmol/L) for 48 hours. Cells were serum starved for 24 hours followed by stimulation with IGF-1 (1 nmol/L) and (A) lysed and immunoblotted for PHLPP and phosphorylation of Akt at Ser473 and Thr308 at various times or (B) assayed for Akt catalytic activity after 1 hour IGF-1 addition (n ¼ 3 independent experiments; t-test **Pp0.03 compared with baseline siControl cells). In (C-F), HT22 cells (C) or primary striatal neurons (D-F) were treated with siRNAs as described above and then subjected to 90 minutes of OGD and 18 hours reperfusion under normoxic conditions. For HT22 cells (C) apoptosis was quantified by DNA fragmentation using an ELISA. The graph represents fold increase in OGD induced apoptosis for each group compared with siControl cells under normoxic conditions (n ¼ 6 independent experiments; t-test **Pp0.03 compared with siControl OGD). For primary neurons (D-F) cell death after OGD was determined by propidium iodine (PI) staining (Red-PI, Green-calcein-AM, and Blue-Hoechst) and lactate dehydrogenase (LDH) release into the medium (n ¼ 3 independent experiments performed in triplicate; t-test **Pp0.03 compared with siControl OGD).
ischemic insult in vivo, many studies have overexpressed the activated kinase 6 or focused on neuroprotective factors that non-selectively activate Akt. 39, 40 Our data suggest an alternative approach, i.e., to prolong Akt signaling during reperfusion after transient ischemia by inhibiting its phosphatase PHLPP.
The findings presented here show that deletion of the Akt phosphatase PHLPP1 enhances the extent of Akt activity transiently and provides significant protection of the neurovascular unit in response to reperfusion after MCAO. Brains from PHLPP1 KO mice showed decreases in vascular leakage, caspase 3 cleavage, and cell death after ischemia and 30 minutes reperfusion. Notably, the area of infarct after 24 hours reperfusion is decreased by 455% in the PHLPP1 KO mice compared with WT and this can be completely prevented by treatment with an Akt inhibitor. Interestingly, WT mice treated with the Akt inhibitor did not show significantly greater infarct volume than WT after MCAO as shown by others. 8 This finding shows that activation of Akt during reperfusion is not sufficient to limit the extent of MCAO damage unless its phosphatase is inactivated.
To provide cellular evidence that the protective effect of PHLPP deletion in the brain results from diminished Akt dephosphorylation and enhanced Akt activation, we isolated astrocytes from WT and KO mouse brain and downregulated PHLPP in neuronal cultures. Activation of Akt by IGF-1 in KO astrocytes was potentiated for up to 30 minutes; subsequent recovery of Akt activity to basal levels occurred at similar rates in WT and KO cells, suggesting that PHLPP1 deletion in astrocytes provides an accentuated response to agonist without disrupting the normal transient kinetic profile of kinase activation. The time course for Akt activation by IGF-1 was more sustained in HT22 cells; IGF-1 increased Akt phosphorylation for up to 4 hours and this was accentuated throughout by PHLPP deletion. Most importantly, PHLPP1 KO astrocytes, HT22, and primary striatal neurons with downregulated PHLPP1 are all protected from cell death in response to simulated ischemia induced by OGD in vitro compared with WT or control cells.
In summary, our studies in vivo and in primary astrocytes and neurons in which PHLPP1 is genetically deleted or downregulated confirm that PHLPP1 is an important regulator of Akt activity and survival in response to ischemic stress in the central nervous system. Since our in vivo studies use mice with global KO, of PHLPP1, the highly striking protection against stroke injury may reflect effects of increased Akt activation in neurons, astrocytes, and other cells in the neurovascular unit to cerebral protection. Determining which cell type within the neurovascular unit is most critical will require generation of tissue-specific PHLPP1 KO.
Regardless of the answer, the evidence presented here shows for the first time that PHLPP is an important regulator of Akt activity in the brain and suggests that pharmacological inhibition of PHLPP could have a therapeutic impact on ischemic damage caused by stroke.
